This paper reports on recent attempts to develop and test a new type of solid-state neutron detector fabricated from uranium compounds. It has been known for many years that uranium oxide (UO 2 ), triuranium octoxide (U 3 O 8 ) and other uranium compounds exhibit semiconducting characteristics with a broad range of electrical properties. We seek to exploit these characteristics to make a direct-conversion semiconductor neutron detector. In such a device a neutron interacts with a uranium nucleus, inducing fission. The fission products deposit energy-producing, detectable electron-hole pairs. The high energy released in the fission reaction indicates that noise discrimination in such a device has the potential to be excellent. Schottky devices were fabricated using a chemical deposition coating technique to deposit UO 2 layers a few microns thick on a sapphire substrate. Schottky devices have also been made using a single crystal from UO 2 samples approximately 500 microns thick. Neutron sensitivity simulations have been performed using GEANT4. Neutron sensitivity for the Schottky devices was tested experimentally using a 252 Cf source.
INTRODUCTION
Highly efficient neutron detectors are required for a wide variety of applications ranging from homeland security to astronomy. The well-known shortage of 3 He gas has recently driven a search for new neutron detector materials to replace 3 He-based detectors. Solid-state devices are one such alternative, with the advantages over 3 He gas detectors of being compact and not requiring high voltages to operate. Solid-state neutron detection devices are classified as one of two types: indirect-conversion devices and direct-conversion devices.
In an indirect-conversion device, a layer of a neutron-reactive substance (usually 10 B or 6 Li) is placed in contact with a separate detector material, typically a silicon diode. A neutron interacting in the reactive layer produces energetic reaction products, some of which deposit energy in the detector material, generating electronhole pairs and hence a signal. Devices of this type have been produced by a variety of groups recently.
1-3 A key shortcoming of such devices is that only some of the reaction energy can be deposited in the detecting medium; the rest is either absorbed in the reactive material or moves away from the detecting medium to conserve momentum in the reaction. Use of etching technologies to create complex structures in the silicon detector, in which the neutron-reactive material is then embedded, have led to significant increases in the neutron sensitivity for such devices.
1-3 However, there exists still the desire to improve upon such devices with the discovery of a suitable direct-conversion device material.
In a direct-conversion device, the neutron-reactive material and the detector material are one and the samevirtually all of the reaction energy is available for detection. But materials suitable for direct-conversion devices are relatively rare, and their properties are often poorly understood. In the past, much research has been conducted into Boron-based compounds, such as More recently, groups at Fisk University 4 and Radiation Monitoring Devices 5 have investigated LiInSe 2 , which shows some potential for a direct-conversion thermal neutron detector material. The goal of this research was to evaluate the feasibility of using UO 2 as a candidate material to use in a direct conversion semiconductor neutron detector. UO 2 and other uranium oxides have until recently 6 been largely overlooked as neutron detector materials, despite being known to have semiconducting properties and to be neutron reactive. In this initial work we use depleted uranium (DU), which consists primarily of 238 U. The cross sections for neutron induced fission as a function of neutron energy for both 238 U and 235 U are plotted in 1. The data is from the ENDF/B VII tables. 7 The fission cross section of 238 U for slow neutrons is small, unlike that of 235 U; for >1 MeV energy neutrons, however, the 238 U fission cross section approaches that of 235 U, making a DU-based detector suitable for fast neutron detection. A fast neutron incident on a 238 U nucleus induces fission, releasing >165 MeV of energy. This energy is deposited locally, creating copious electron-hole pairs, which are detectable as an electrical signal in the detector.
The large amount of energy released as a result of the fission of a uranium nucleus, especially when compared to that released in the transmutation of 10 B or 6 Li nuclei, raises the possibility of developing a neutron detector with exceptional noise and gamma discrimination. Though UO 2 has a high effective Z-number and a high density, and is therefore more sensitive to gamma rays than other semiconductor materials, the energy deposited by gammas is still likely to be much less than that deposited by fission, and indeed in most cases, gamma backgrounds would likely be less than the natural background in the UO 2 due to emission of 4.3 MeV and 4.7 MeV α particles from the decay of 238 U and 235 U respectively. The one exception to this would be gamma rays with sufficient energy to induce photofission in 238 U and 235 U. Photofissions from such gammas would produce signals indistinguishable from neutron-induced fissions. The photofission cross sections are plotted in Figure 2 . As the figure shows, this is only likely to be an issue for gamma energies > 6 MeV, and the photofission cross sections remains lower than the neutron-induced fission cross section.
In the remainder of this paper we present here a combination of simulations using MCNP 8 and GEANT4
9 studying the expected detection efficiencies and pulse height distributions of such a device, and experimental work using some simple UO 2 Schottky devices made from single crystals of depleted uranium. Before discussing results of the simulations and experimental work, we will briefly describe some of the semiconductive properties of UO 2 .
SEMICONDUCTIVE PROPERTIES OF UO 2
UO 2 has some fascinating properties, which make it an interesting material not only for radiation detection, but also as a general-purpose semiconductor material. While we refer to UO 2 as a semiconductor here, and it was long assumed to be one, it is not a semiconductor according to traditional band theory. Indeed, band theory actually predicts UO 2 to be metallic. Instead, due to strong correlations arising from interactions between electrons (which are not included in band theory), UO 2 is a Mott insulator. 10, 11 The band gap, according to theoretical modeling, 12 is around 2 eV, though the precise stoichiometry and dopant profile can affect this.
13
This value has been verified by optical absorption measurements.
14
The electrical and thermal properties of UO 2 have also been studied extensively, due largely to its use as a nuclear fuel. 15 The resistivity of intrinsic UO 2 is about 1.5 × 10 3 Ω-cm at room temperature, which is similar to Si and GaAs. The resistivity, however, depends sensitively on the stoichiometry of the sample, with hypostoichiometric compositions becoming more insulating, and hyperstoichiometric compositions becoming more conductive. 16 The conduction mechanism in UO 2 has also been studied and has been determined to be p-type and due to small polaron hopping. 17, 18 The carrier mobilities in materials exhibiting small polaron hopping transport is typically very low, and UO 2 appears to be no exception, with most measurements of the mobility being around 10 −2 -10 −1 cm 2 /(V·s). [17] [18] [19] There has however, been a wide variation in the measurement of UO 2 carrier mobility with some early experiments yielding values as high as 10 cm 2 /(V·s). 20 Such high values are the exception though, and it is generally accepted that the carrier mobility in UO 2 is on the order of 10
Recently, there has been interest in exploring the use of UO 2 and other oxides of uranium to fabricate electronic devices, 16, 21 and as a possible material to use for neutron detection. 6 In work described by Meek and co-workers, they reported successfully fabricating Schottky diodes and even a simple p-n-p transistor from UO 2 deposited in thin films using the sol-gel process and a single crystal of UO 3 . 21 Meek and co-workers have also studied the effects of various dopants on the electrical properties of UO 2 .
13 In addition to its semiconductive characteristics uranium oxides offer other potential advantages as a semiconductor material. For example, UO 2 and U 3 O 8 , being ceramic oxides can withstand much higher temperatures (∼2600 K for UO 2 ) than silicon (∼473 K). Uranium oxides may also be expected to be more resistant to radiation damage than many other materials. 16 These characteristics make them potentially attractive candidates for detectors in high temperature or high background situations. At the very least, they suggest that UO 2 and other oxides of uranium may be worth considering as possible direct-conversion neutron detector materials.
SIMULATIONS
The first step in our study was to conduct simulations to make some predictions regarding neutron interaction efficiencies and the expected energy deposition from the resulting fission reaction. We made use of both MCNP and GEANT4. MCNP was used initially to study the efficiency with which neutrons of various energy incident on the UO 2 samples would induce a fission reaction in the samples we intended to test. However, because MCNP will not track fission fragments, GEANT4 was used to study fission fragment energy deposition.
MCNP Simulations

MCNP
8 was used to simulate neutron sensitivity of the UO 2 samples studied. Two types of UO 2 samples have been fabricated by the University of Tennessee-Knoxville (UTK) Department of Materials Science and Engineering: thin film samples made using a chemical deposition coating (or sol-gel) technique, and relatively thick single crystal samples made using an arc-fusion technique. The single crystal samples were fabricated previously and thus were readily available for use. Thin film samples have primarily been used to study electrical properties but were simulated nonetheless.
The following parameters were used in the simulations: Results of the simulations are summarized in Table 1 . Efficiencies, defined as fissions per source neutron emitted, are in general relatively low-less than a percent even for the 1/16" thick sample. This is unsurprising, given that these simulations are for depleted uranium. The efficiencies for thermal neutrons could be increased significantly by increasing the 235 U concentration. Interestingly, efficiencies for thermal and 10 MeV neutrons are expected to be comparable. While there is very little 235 U in DU, the cross section for thermal neutron fission in 235 U is so much higher (∼580 barns) than the cross section for MeV neutron fission in 238 U(∼1-2 barns) that the overall efficiency ends up being comparable. Efficiencies for the 252 Cf source are significantly lower, primarily because it is an isotropic source, so most of the neutrons never enter the sample. Efficiencies are also significantly lower for the 1 MeV source neutrons than for the thermal and 10 MeV source neutrons. This is because the 238 U cross section at this energy is still quite small (see Figure 1) .
The fission process itself of course leads to the emission of neutrons. These neutrons can then go on to induce further fissions, which obviously are 'false' counts because they do not arise from the neutron source being detected and are indistinguishable from source neutron induced fissions. Therefore, it was also important Table 2 . MCNP results for the contribution to the total number of neutron induced fission events arising from other fission events within the UO2 sample.
Neutron Energy
Fraction from UO 2 neutrons 2 µm thick sample 1/16" thick sample to study the effect of these 'secondary' fissions (and fissions arising from other neutron-producing reactions in the UO 2 ). The fraction of total fissions arising from 235 U and 238 U fissions are given in Table 2 . It is clear that these non-source neutrons are a small contributor to the total number of fissions, comprising less than 1% of the total fission events.
GEANT4 Simulations
As mentioned previously, MCNP, as powerful and as useful a tool as it is, does not track fission fragments, and thus is of limited use for our study of UO 2 -based neutron detectors. GEANT4, however, does have this capability 9 and therefore we made use of this package to study the fission fragment energy deposition in the UO 2 . The sample sizes, density, and isotopic composition used in our GEANT4 geometry were identical to those used for the MCNP simulations mentioned above. The GEANT4 simulations looked at sample thicknesses down to 1 µm and no simulations were done for a 252 Cf neutron source spectrum.
Simulated pulse height spectra from fission product energy deposition in UO 2 samples with 1 µm, 2 µm, and 100 µm thicknesses are plotted in Figure 3 . The source neutron energy for all of these pulse height spectra is 10 MeV. It is clear that not all of the fission fragment energy is deposited in the 1 and 2 µm thick samples, leading to much broader spectra for these samples. This is expected, since the range of a fission fragment in UO 2 is on the order of 6-10 µm. It is encouraging to note, however, that even for the 1 µm sample, the smallest value of deposited energy is ∼20 MeV. This would be expected to be well above the inherent α-particle induced background, as well as any background from gammas, excepting those with sufficiently high energy to induce fission as mentioned earlier. For the 100 µm sample, a well-defined peak at around 165 MeV is seen, indicating essentially all of the fragment energy is deposited in the UO 2 at this sample thickness. 
FABRICATION OF UO 2 SAMPLES
Fabrication and preparation of UO 2 samples was performed by the Meek group from the UTK Materials Science and Engineering department. Samples have been fabricated using two different techniques. Thin film depleted uranium dioxide samples were formed by a chemical solution deposition (or sol-gel) technique. This technique is an inexpensive and effective way of depositing thin films on a substrate. Uranyl acetate precursors are deposited onto sapphire substrates. The sapphire substrates are first plasma cleaned and then a 50nm layer of Au is sputtered onto a third of the surface to be used as a rectifying contact. The solvent is then evaporated and the thin film annealed in an 800
• furnace in an argon atmosphere. Upon cooling, a 50 nm layer of Ag is sputtered onto the top surface to create an Ohmic contact. The maximum film thickness that we can likely obtain with this method is on the order of a few microns. While this is most likely too thin to be of much practical use for neutron detection, it should prove sufficient for testing the concept. Indeed, the GEANT4 simulations presented earlier indicate that even though a substantial amount fragment energy will escape such a thin sample, a clearly distinguishable fission pulse height spectrum should be obtainable. Thus far, however, the thin film samples have primarily served as a method of studying the effects of dopants on UO 2 thin film electrical properties.
The Meek group provided more than 40 single-crystal UO 2 samples from earlier work that were fabricated using an arc-fusion technique. A typical single crystal sample is pictured in Figure 4 . The samples varied in size, but most were approximately 0.5" in diameter and 1.0 to 1.5 mm thick. The majority of the single crystal samples were doped with different dopant materials in different concentrations at each of the sample faces. The dopants were deposited using an ion beam, and were generally confined to a layer near the sample surface. Thin coatings (50 nm) of Au and Ag were sputtered onto each surface of the samples to attempt to make Schottky and Ohmic contacts respectively. Current-Voltage characteristics were measured for some of the samples using a Keithley Semiconductor Characterization System. The few current-voltage characteristics obtained so far verify that, in general, the samples do exhibit Schottky diode behavior with reverse-bias breakdown voltages of around 5 to 10 Volts. Some of the samples though exhibit relatively little rectification, perhaps due to the dopants near the sample surface. Some of the samples exhibiting more promising Schottky diode behavior were tested as potential neutron detectors.
EXPERIMENTAL TESTS
Preliminary tests on neutron sensitivity have been performed on some of the single-crystal samples mentioned above. Thsee were tested in laboratory facilities at the National Security Technologies, Remote Sensing Laboratory Andrews (RSL-A) Operations. The experiments used a 67µCi 252 Cf source in two different configurations: Figure 5 . Pulse height spectra for an intrinsic single crystal depleted-UO2 Schottky device. A background spectrum and a spectrum with the sample next to a thermalized 67µCi
252 Cf source. There are clear differences in the spectra with the 252 Cf spectrum exhibiting higher energy pulses. moderated to produce thermalized neutrons, and bare to give a raw fission neutron spectrum. No shielding was used to eliminate gammas in the tests so these experiments are not ideal in that respect. A high-voltage power supply was used to supply a reverse voltage bias to the samples. An ORTEC preamplifier (model 142), ORTEC amplifier (model 527A), and ORTEC multichannel analyzer were used to obtain pulse height spectra.
Data from an intrinsic (undoped) sample tested at RSL-A are shown in Figure 5 . Background spectra were collected away from the 252 Cf source. Then spectra were taken with the sample as close as possible to the 252 Cf source-approximately 4-5 cm when thermalized, less when bare. The background spectrum and the spectrum collected near the source for the phosphorous-doped sample are shown in Figure 5 . Spectra for other samples tested look similar to that shown in Figure 5 , and the spectra were consistent across several integrations. There is clearly a significant difference between the two spectra, with the 252 Cf source spectrum exhibiting higher energy pulses. Unfortunately, the clear spectral features we anticipated are not present. One would expect to see a clear high energy peak, well separated from the background signal, corresponding to neutron induced fission. One might also hope to see a clear feature corresponding to the 4.3 and 4.7 MeV α particles. After the experiments were completed we discovered a problem with the electronic circuit we used to apply the voltage to the sample. This problem was such that the applied reverse bias was of a much smaller magnitude than we desired and intended. This may have contributed to the lack of clear spectral features. Another contributing factor is the relatively poor quality of the Schottky diodes that we were able to make using the samples. We are seeking to improve upon both these issues in upcoming experiments. Despite these issues the fact that the 252 Cf pulse height spectra look significantly different from the background spectra is promising in that it indicates that even these non-ideal devices are effective as neutron detectors.
CONCLUSION
This paper has presented preliminary work on determining the feasibility of using UO 2 as a semiconductor neutron detector material. UO 2 and other oxides of uranium, such as U 3 O 8 have long been known to exhibit semiconducting properties. These properties, coupled with the ∼ 165 MeV of energy released in the fission of 235 U and 238 U make them intriguing candidates for direct-conversion detector materials. We have presented modeling results of neutron sensitivity of UO 2 -based devices using MCNP and GEANT4. The MCNP results indicate that for the DU studied here the efficiencies for thermal and fast (10 MeV) neutrons are roughly the same. This is due to the fact that though there is only a small amount of 235 U in DU, the thermal neutron fission cross section for 235 U is so much higher than the 10 MeV neutron fission cross section for 238 U that the two factors basically cancel. The MCNP results also indicate that 'false' fission counts from neutrons generated by a source neutron-induced fission in the UO 2 are a small contribution to the total number of fissions. The GEANT4 results show that the fission fragment energy deposition indicates that even for UO 2 samples as thin as 1 µm, a pulse height spectrum with a fission feature clearly separable from background may be obtainable. Preliminary neutron sensitivity tests have been performed on some simple Schottky diode devices using single crystals of depleted-UO 2 and a 252 Cf source. Though the samples themselves were not ideal and problems with the electronics setup were discovered, we saw clear differences between background and 252 Cf source pulse height spectra. The results indicate that UO 2 holds some potential as a direct-conversion neutron detector material.
